Crack length on non-scratched surface a'
INTRODUCTION
In recent years, a large amount of work investigating the propagation of fatigue cracks was accomplished [1] [2] [3] [4] [5] . Researchers have generally divided cracks according to their lengths, small (<0.5 mm) and long cracks (> 2 mm). Studies [1] [2] [3] [4] [5] have confirmed that small crack behavior is distinct from that of long cracks. That is small cracks exhibit lower threshold stress intensity factor and grow faster than long cracks at the same ΔΚ. The cited reasons for this anomalous behavior are: reduced crack closure, three-dimensional nature of small cracks, and microstructural interaction. Among small cracks
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Surface Condition and Fatigue Crack Growth in an Aluminum Alloy are two types, microstructural-short and physically-small. Short crack growth is significantly influenced by its interaction with microstructural barriers [5] [6] [7] and the abnormal behavior of small cracks is partly attributed to crack closure [8, 9] . Yang [10] showed that a large change of the crack shape occurs during early growth of very small surface cracks. This change is largely due to the transition from unstable to stable geometry.
During transportation, machining of materials, and assembly of components, scratches could be induced on the surface by sharp instruments. Recent studies [11, 12] have demonstrated that scratched specimens of aluminum-lithium alloys under cyclic loading have lower fatigue lives than non-scratched specimens. Little study however, has been done on the influence of these surface scratches on crack propagation. The elimination or reduction of the scratch depth by such methods as shot peening, grit, or sand blasting may result in substantial improvement of fatigue life. These methods will not only reduce the effective scratch depth but will introduce compressive residual stresses that enhance the fatigue strength and corrosion characteristics of metals [13] . Furthermore, the residual stresses will significantly affect crack growth rates [14] .
This study will present and compare results of fatigue crack growth rates in scratched and scratchedshot peened to non-scratched specimens of 2024-T3 aluminum alloy.
EXPERIMENTAL PROCEDURE
Specimens 5"x1"x0.04" of 2024-T3 bare aluminum were cut in the rolling direction of the metal sheet. Scratches of 90 degrees angle (Fig 1) were generated onto different positions of specimens surface by sharp tools mounted in an end mill machine. In one group, scratches were introduced across the full width at the midway point along the gauge length at depths of 20, 50, and 100 micrometers.
While in an another, they were induced from the edge in the width direction for a length of 2 mm and a depth of 50 micrometers. Furthermore, all crack growth specimens except the edge-scratched had a crack initiator through thickness notch of 500 micrometers deep. Some of the scratched specimens were shot peened by glass particles, in an air-blast-type system [15] , along the scratch. The other surface opposing the scratch was carefully polished and marked at intervals to ease crack length measurements through a travelling microscope. A stress intensity factor range ΔΚ calculated as in reference [16] , was determined by methods of linear-elastic fracture mechanics [17] . Fatigue crack propagation tests were carried out in ambient conditions on a servo-hydraulic MTS testing machine in a tension-tension sinusoidal loading at a stress ratio R = 0.1 and a frequency f = 10 Hz.
RESULTS AND DISCUSSIONS
Fatigue crack growth rates versus ΔΚ of as-received, scratched, and edge-scratched specimens are shown in Fig 2. The curve of the edge-scratched specimens exhibited a decreasing initial growth rate and then an accelerated growth rate as the crack grew longer, a characteristic behavior of small cracks. Initially, the growth rates in edge-scratched specimens are higher than those in as-received specimens at a small crack length. Subsequent crack growth resulted in the merging of data of the two types of specimens. That is an indication that the edge-scratch affects both the initiation time and the early crack growth behavior. Comparing crack growth rates in edge-scratched and scratched specimens lead to two significant observations. First, both curves show similar small crack propagation behavior before the crack length is less than about 3 mm. Second, the curve of the scratched specimen with a all-through-width scratch is systematically higher than that representing the edge-scratched specimen. Since, this behavior is thought to be inherently related to the scratch, proof then should be researched on the microscopic scale of scratched surfaces. Scanning electron micrograph of the scratch. Fig 3, revealed a rough surface. This roughness, taking the form of notches with high surface length-to-depth ratio, is responsible of initiated microcracks. Fig 4 corresponds to that of a crack generated from one edge of a scratched specimen cycled at 138
MPa to 8900 cycles. Initially, this small crack grew in a quarter-elliptical shape through the thickness and then inverted to along the scratch. The crack length a and a' in Table 1 were measured on the non-scratched and scratched surfaces respectively. It is observed that as the crack grew, the a/a' ratio increased fast at the start and then converged to a stable value. That is, after going through thickness, the crack grew fast along the non-scratched surface prior to slowing. This unusual rapid growth occurs in order for the crack to adjust its shape toward a stable configuration compatible to the state of stress [10, 18, 19] . Stable crack front shape was achieved when its radius of curvature is nearly equal to the plate thickness [18] . During crack shape changing, the stress intensity factor of the non-scratched surface is reduced from its initial high value. Assuming the rate of crack propagation is governed by the stress intensity factor, the crack propagation rate would have to decrease. Investigations of growth behavior of surface fatigue cracks [20] [21] [22] have found that semi-elliptic surface cracks with an initially low aspect ratio (a/c) change their shape continuously during crack growth until a stable shape is achieved. Furthermore, Irwin has analyzed the elliptical crack [18] and wrote the following expression,
Crack length in the width direction (mm)

Fig 4
Crack shape of a scratched specimen tested at 138 MPa and 8900 cycles. higher ΔΚ shot peening has a slight effect. Combined scratch depth and shot peening effect is revealed in Fig 7. The figure depicts equal growth rates of all three depths. Further evidence is given by the close data between the as-received-shot peened and scratched-shot peened specimens.
Observation of fracture surfaces indicated that in all specimens fatigue cracks started in a tensilemode where the crack is perpendicular to the loading direction (tensile mode of fracture). An exception to the rule is in as-received specimens where the cracks started by shear lips. The area associated with tensile mode is non-symmetric, an effect due to the existence of the scratch. Adjacent to the tensile mode area is a fracture surface, due to higher propagation rates, slanted at 45 degree to the specimen (shear fracture). This transition from tensile to shear mode occurred gradually and was characterized by the transition length l tr . I", measured from the initiation site of the crack to the point where the width of tensile mode area is half the width of the specimen, is plotted (Fig 8) as a function of the scratch depth. It appears dependent upon the scratch depth and the applied stress. I tr increased as the scratch depth increased but decreased with an increase of the stress. Irwin [23] suggested that the transition from the tensile to the shear mode has to be associated with a transition of the state of stress at the lip of the crack from plane strain to plane stress. The results of scratch effect on the crack propagation rate show that crack growth rate is lower in plane stress than in plane strain at same stress. It was also found whatever the scratch depth was before shot peening, the transition lengths of shot peened specimens from tensile to shear mode are more or less equal (Fig 8) and transition lengths of shot peened specimens are smaller than the lengths in other two cases. In the former case, the tensile mode area is symmetric.
On the basis of the results of this study, it is concluded that surface condition of a material is important in the design of components to fatigue. Since the fatigue limit of a material is determined by the condition of non-propagation of a fatigue crack in the near-surface, the generation of scratches during fabrication will have significant effects on the crack initiation and growth. It is therefore, a necessity that a designer consider these effects when estimating the fatigue strength of a component or alter its surface condition by shot peening. Shot peening, a useful method to reduce crack propagation rate when a crack is small, will prolong the fatigue life of the component.
